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Abstract

Microwave remote sounding from a spacecraft flying by or in orbit around Jupiter offers new possibilities for retrieving import
presently poorly understood properties of its atmosphere. In particular, we show that precise measurements of relative brightness t
as a function of off-nadir emission angles, combined with absolute brightness temperature measurements, can allow us to det
global abundances of water and ammonia and study the dynamics and deep circulations of the atmosphere in the altitude rang
ammonia cloud region to depths greater than 30 bars in a manner which would not be achievable with ground-based telescopes.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Ground-based work to date, based mainly on hi
resolution radio-wavelength observations made at the V
Large Array, has established a thermal spectrum for the
tegrated disk emission of Jupiter that shows the expe
long-wavelength thermal signature of the deep atmosp
(e.g.,Berge and Gulkis, 1976; de Pater et al., 2001; Gib
et al., 2004). However, as shown byde Pater et al. (2004,
the integrated disk brightness temperature spectrum is
cult to interpret in terms of its deep composition, even if
measurement uncertainties were as low as one might
mistically expect to achieve with a large ground-based ra
telescope (2–5%). Causes of this difficulty include accou
ing for the non-thermal synchrotron radiation that domina
the planet’s emission at long wavelengths, uncertaintie
atmospheric structure, cloud properties, and the absorp
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coefficients of water and ammonia under the condition
high temperature and pressure encountered in the dee
mosphere.

2. Observation from an orbiting platform

Observation of Jupiter’s long-wavelength atmosphe
emission from an orbiting spacecraft offers many adv
tages over Earth-based observations. A spacecraft can fl
side the radiation belts, effectively avoiding the synchrot
emission that obscures the atmospheric thermal emissi
longer wavelengths. An orbiting spacecraft allows obse
tions with global coverage and high spatial resolution, m
difficult from the VLA because of Jupiter’s rotation and t
need to perform rotational synthesis to image the planet.
example,Fig. 1shows the nadir-viewing footprints afforde
by an elliptical polar orbit with a perijove of 4500 km at th
equator and a 20RJ apojove (∼ 11-day period). This figure
demonstrates that major dynamical features such as the
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isioned
much gr
Fig. 1. Nadir footprints for a 10◦ beam from a nominal elliptical polar orbit (4500 km altitude at perijove, 11-day orbit). A spinning spacecraft is env
that scans each radiometer beam along the nadir track, so that each point is observed at a number of emission angles. The density of footprints iseater
than shown.
h the
cies

ure-
in

ting
arpl

., by
w-
g th
is-

r is

an
nes
an-
ghe
ion
atur
an
iter.
fea-
enna
ales

ties,
ver-
1%
re-

ave
ain-
ace
)

for
ver

)

un-
the

ra-
tive
km

ttern

l, to

nna
ain
r
ide-

ed a

ting
st be
the

uch
an-
mat–

t-
s at
av-

rint
rce
per-

for.
ily

quent
t
un-
the
zones, red spot, and large ovals are readily resolved wit
relatively large antenna beams practical at low frequen
from a spacecraft.

An immediate advantage over disk-averaged meas
ments is given by the ability to observe discrete points
the atmosphere along single lines of sight. The weigh
functions and consequent spectral features are more sh
defined for this case than that for a disk average; e.g
about 10% by our estimation. More importantly, by allo
ing the spacecraft to rotate so that the beams scan alon
nadir track, each point can be viewed at many different em
sion angles. Absolute calibration at the 2% level or bette
achievable in space-borne radiometers (e.g.,Ruf et al., 1995;
Keihm et al., 2000), comparable to or somewhat better th
the ground-based approach. However, the relative bright
temperature, from point to point, or at different emission
gles at the same point, can be measured with much hi
precision. The ability to collect precise data on the emiss
angle and spatial dependence of the brightness temper
in combination with the spectrum determination offers
entirely new approach to the microwave sounding of Jup

We estimate that a measurement precision of 0.1% is
sible for relative measurements taken with the same ant
and electronics at the same frequency over short time sc
after accounting for radiometer stability, beam uncertain
residual synchrotron emission, and imperfect footprint o
lap. Intrinsic radiometer noise is easily kept below 0.
with 1-second signal averaging and modest (10 MHz)
ceiver bandwidths. Experience with the Cassini microw
radiometer has demonstrated that gain drifts can be m
tained at better than this level for minutes to hours in a sp
environment with current technology(Janssen et al., 2001;
further, state-of-the-art microwave noise sources used
gain calibration have demonstrated stability to this level o
longer time scales(Tanner, 1998; Tanner and Riley, 2003.
y

e

s

r

e

,

We have investigated the effects of antenna pattern
certainties and unaccounted emission entering through
sidelobes, including synchrotron emission from Jupiter’s
diation belts, to see how these might compromise rela
brightness temperature measurements. Within 10,000
of Jupiter, state-of-the-art antenna design and beam pa
measurement allow the use of beams with∼ 10◦ half-power
widths to obtain relative brightnesses at the 0.1% leve
emission angles as large as 60◦, and to at least 40◦ at much
larger distances. Specifically we calculated that the ante
pattern must be known or controlled as follows: (1) m
beamwidth to 2%, (2) sidelobes to 30◦ off-axis measured o
suppressed to 30 dB below the central peak, and (3) s
lobes to 40◦ measured or suppressed to 40 dB. We revis
synchrotron emission model byLevin et al. (2001)to calcu-
late synchrotron emission from the perspective of an orbi
spacecraft and determined that antenna backlobes mu
kept below 55 dB at frequencies below 1 GHz to reduce
residual synchrotron contribution to the 0.1% level. S
requirements are within expected capabilities for horn
tennas, patch-array and waveguide slot antennas (Rah
Samii, private communication, 2004).

Finally, the effect of horizontal variations in the a
mosphere is minimized by observing the same location
different emission angles. The nadir-viewing data can be
eraged along-track to equalize the width of the footp
in latitude at off-nadir angles. The distance to the sou
increases at off-nadir angles, however, and the increased
spective of the longitudinal dimension (e.g., a factor of

√
3

at 60◦ emission angle) cannot be easily compensated
On the other hand, the local horizontal variability is read
estimated from the nadir measurements and the conse
limb darkening uncertainty can be well bounded.Janssen e
al. (1995)give a technique for estimating errors due to
equal beam footprints when the statistical properties of
measured quantity are known.
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3. Modeling Jupiter’s atmospheric emission

Our radiative transfer program for computing Jupite
atmospheric emission is based on the one describe
Hofstadter, 1992; and in Hofstadter and Butler, 2003. It
assumes a convective atmosphere with constant rel
humidity (an adjustable parameter) for each condens
species above its cloud base. Microwave opacity source
clude H2O, NH3, H2, and a liquid water cloud, while th
model atmosphere also contains He and CH4. Scattering is
neglected. The temperature profile at pressures less th
bar is taken from the Voyager radio occultation experim
(Lindal, 1992), with an extrapolation to higher pressur
along a pseudo-adiabat. The lapse rate is appropriately
justed for condensable species. The He to H2 ratio is 0.157
and the CH4 molar mixing ratio is 1.8 × 10−3 relative to
total abundance (consistent withAtreya et al., 1999, but
note that they quote abundances relative to H2). The mix-
ing ratios for NH3 and H2O are adjustable; three times so
abundances are defined to be 5.79× 10−4 and 4.41× 10−3,
respectively(Anders and Grevesse, 1989). No loss of NH3
1

-

into the water or a possible NH4SH cloud is considered. Th
absorption coefficient and lineshape profile for ammoni
from Spilker, 1993. For water vapor we use an express
based on laboratory data over a range of pressure and
perature applicable to Jupiter down to approximately
30-bar pressure (500 K temperature) level(Ho et al., 1966;
Goodman, 1969). The base of the model atmosphere is
bitrarily placed at 1000 bar, with isothermal conditions
sumed below this.

Figure 2 shows nadir-viewing weighting functions fo
a nominal atmosphere (3× solar H2O and NH3, and no
absorption by clouds) and a representative set of freq
cies along with their relationship to clouds and Jupite
pressure–temperature structure.Figure 3a shows the nadi
brightness temperature spectrum for this atmospheric m
assuming different values for subcloud water and amm
abundances. As illustrated, a nominal 2% measuremen
ibration uncertainty that is random with frequency wou
not enable us to distinguish the differences among the
ter abundances shown. This conclusion, discussed fu
below, is consistent with the analysis byde Pater et al
n
ulting wh
tted)
n
(circled)
(a) (b)

Fig. 3. (a) Nadir brightness temperature spectra for water and ammonia abundance variations on our baseline model (3× solar ammonia and water). A
expected error of 2% (circled) is indicated. The black curve shows the spectrum of the baseline model. The two blue curves show the spectra resen
the water abundance is changed from the baseline to 1× (upper curve, short dash) and 9× (lower curve, long dash) solar, respectively. The green curve (do
shows the spectrum when the ammonia abundance in the baseline is increased from 3× to 5× solar. (b) Relative brightnessR, which is the difference betwee
the brightness at nadir and that at an emission angle of 60◦, expressed as a percentage of the nadir brightness, for the same models. An error of 0.1%
is indicated.
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(2004), for the interpretation of the disk temperature sp
trum.

Figure 3b shows calculations of limb darkening for t
same models. The error bar shows the 0.1% relative
certainty. For convenience in the following discussion
parameterize limb darkening as the difference between
brightness temperature at nadir and that at an emission
60◦ from nadir, normalized by the nadir brightness temp
ature and expressed as a percentage of the nadir brigh
{R(%) = ((Tbnadir−Tb60◦)/Tbnadir)×100} (note that we use
the term “limb darkening” throughout to refer to the chan
ing brightness at a single location as the emission a
varies). A measurement precision on the order of 0.1%
enables us to easily distinguish among the model curve

The limb darkening parameterR is particularly sensitive
to the altitude profile of the absorption, and being a dif
ential measurement can be measured with high preci
The distinctive brightness signature inR seen inFig. 3b
for water arises because its scale height is much less w
the cloud, where it follows a saturation curve, than in
uniformly mixed region below the cloud. This creates
absorption “ledge” that is seen at wavelengths in the ra
10–20 cm where the emission comes mainly from the cl
region. This reduces the limb darkening in this wavelen
range because the weighting function is compressed t
For example, in the extreme case of an abrupt increas
absorption with depth the brightness would tend toward
of a uniform disk. InFig. 3b the dip in limb darkening for th
3×solar water case relative to that for 1×solar starts aroun
5-cm wavelength, peaks at 15 cm, and disappears be
roughly 30 cm.Figure 2 shows that the weighting func
tion just begins to descend into the water saturation re
at around 5 cm, brackets the absorption transition regio
15 cm, and is well into the water constant mixing region
30 cm. The feature in the 9× solar case differs from th
3× solar case in that it peaks at a longer wavelength and
tends to longer wavelengths because the model cloud ba
at a correspondingly lower and warmer level.

The variation of ammonia abundance is seen to prod
a significantly different limb darkening frequency depe
dence. The weighting function is entirely in the saturation
gion at wavelengths in the ammonia inversion band cent
around 1.3 cm, so that the limb darkening is a minim
at that wavelength. As ammonia abundance is increase
saturation region extends deeper in the atmosphere, dec
ing the limb darkening at slightly longer wavelengths. T
continued decrease in limb darkening at wavelengths
yond a few centimeters has a different cause, however, w
we find to be the different behavior of ammonia and w
ter absorption with pressure and temperature. Specific
the temperature dependences of our absorption mode
proportional toT −3 andT −5 for ammonia and water respe
tively. Since ammonia absorption consequently increa
more rapidly with depth than water for constant mixing ra
the ammonia weighting function is more compressed and
limb darkening is reduced.
e

s

.

.

s

e
s-

e

4. A simple retrieval study

Using a model in which the subcloud water and amm
nia abundances are the only free parameters, we perfo
a simple study to determine the sensitivity of a combi
absolute and relative sounding approach. We assumed
the sounding instrument comprises 6 radiometers oper
at the same wavelengths for which weighting functions
depicted inFig 2. No absorption from cloud particles wa
assumed. While in a real case we would use the full ra
of emission angle measurements with appropriate we
ing to solve for the abundances, here for simplicity we o
considered the measurements at nadir and at 60◦ emission
angle. We assumed a random 2% absolute uncertain
the nadir brightness measurement at each frequency re
to a model value and a 0.1% relative uncertainty betw
the nadir brightness and that at 60◦. We confirmed the ca
pability to independently retrieve water and ammonia
is apparent inFig. 3 by using a chi-squared minimizatio
approach to solve for the abundances. We found one-s
uncertainties in the water and ammonia abundances to b
and 0.06, respectively,in units of the solar abundance ratios.
These uncertainties did not vary significantly over the 1× to
9×solar water abundance range. They increased by an
of magnitude if only the nadir observations are used, h
ever, confirming our qualitative observation above.

We examined some basic variations on this model to
sess its robustness. We find that the water retrieval un
tainty increases by only about a factor of two if we redu
our off-nadir emission angle from 60◦ to 40◦. Figure 3sug-
gests that the retrieval of water abundance is dominate
the wavelength range shortward of 30 cm. The uncerta
is approximately doubled if we drop our lowest frequen
Large ammonia abundances do not seriously complicat
water abundance retrieval—raising the ammonia abund
from 3× to 9× solar only increased the water abunda
retrieval errors by a factor of about 1.5. Cloud region prop
ties can be highly variable. Although the relative humidity
the cloud region has an effect on the absolute brightness
limb darkening is almost unaffected. We found that a clo
relative humidity change from 100% to 20% had a neglig
(< 0.1%) effect.

However, the limb darkening is highly sensitive to a
sorption by cloud liquid if it is present in quantity, as illu
trated by the blue curve inFig. 4. Here we have considere
an extreme case based on an uplifted parcel through
cloud region that retains all of its condensed liquid wa
(Weidenschilling and Lewis, 1973). The estimated absorp
tion for this model results in an absorption spike arou
the cloud base with a total optical depth of about 0.4
wavelength of about 15 cm, for example. The wavelen
dependent effect on relative brightness seen in the figu
sharpened, reducing its half-width in wavelength relative
the difference between 3× and 9×solar water inFig. 3, and
shifting it to shorter wavelengths as well. Such a differe
in the frequency-dependent signature is expected bec
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Fig. 2. Nadir-viewing weighting functions for wavelengths in the rang
to 50 cm (labeled curves on the left), along with temperature and c
locations, calculated for our baseline model atmosphere with 3×solar abun-
dances of water and ammonia. The weighting functions are the ve
derivatives of the atmospheric transmittance normalized to a peak val
unity.

the liquid absorption is present in a narrower and highe
titude region.

5. Discussion

Jupiter’s atmosphere is more complex than the base
model considered above. Ammonia is likely far from sa
ration on the average in the cloud region(Achterberg et al.
2003; Hofstadter et al., 2003; Gibson et al., 2004). Water
can be expected to behave similarly; in fact, an interpr
tion of the low Galileo probe result for water concentrat
at about 20 bars(Niemann et al., 1998)is that its concentra
tion was greatly reduced from its global abundance even
point well below the nominal water cloud base by dynam
effects(Atreya et al., 1997; Showman and Ingersoll, 19
Showman and Dowling, 2000). Unforeseen absorbing clou
constituents may be present (e.g., in the ammonium hy
sulfide cloud region, or due to other constituents at lev
below the water clouds). Atmospheric dynamics will dr
departures in the lapse rate in potentially significant wa
These are complications that must be dealt with in the
trieval of atmospheric parameters from microwave sound
and very little is known about them(de Pater et al., 2004).

In essence microwave sounding enables us to deter
only the opacity profile coupled with temperature, and
is the interpretation of this profile in the context of a co
strained atmospheric model that enables the retrieval o
mospheric parameters.de Pater et al. (2004)have discusse
the difficulty of this using whole-disk averages (as wo
be done using ground-based observations). However, a
Fig. 4. Relative brightnessR for other possible variations on our baseli
model. The black (long dash) curve shows the spectrum of a model
3 × solar ammonia and 9× water. The blue curve (dot–dash) is the sa
model except that it includes absorption by liquid water in the cloud reg
as discussed in the text. The red curve shows the very different spe
for a “hot spot” region with the water and ammonia distributions simila
those measured by the Galileo probe.

with the much higher sensitivity to atmospheric proper
demonstrated above, microwave sounding from an orbi
platform has the advantage that the unknown and spat
variable properties of the atmosphere outlined above ca
addressed by observing all states of the atmosphere an
just a global average. We envision an experiment in wh
a significant fraction of the atmospheric opacity is profi
with temperature with the resolution indicated inFig. 1. This
would provide an exploration, on a global scale, of th
features of the deep atmosphere at the same time as w
fine our models for the interpretation of key parameters s
as the global water abundance. Investigation of these
tures directly addresses outstanding questions fundam
to understanding the dynamics and deep circulations o
planet (e.g.,Allison, 2000; Ingersoll et al., 2000). The de-
termination of water abundance with sufficient accuracy
distinguish between a nominal abundance of 3× solar, and
the cases of 1×solar or less, and 9×solar or more, is neede
to discriminate among models for Jupiter’s origin(Owen et
al., 1999; Gautier et al., 2001; Owen and Encrenaz, 20
Hersant et al., 2004). Hence, while we have demonstrat
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that we can achieve very high precision in a constrai
model, much less precision is needed to obtain a scie
cally important result.

The identification of water in our simple model depend
on the uniform mixing of water up to its saturation lev
a condition that may be typical of upwelling regions. T
interpretation of subcloud vapor abundance can be com
cated by the presence of liquid water, but as illustrate
Fig. 4 these two sources of opacity can be distinguished
their different frequency dependences for the limb dark
ing. Microwave opacity from a cloud at a different tempe
ture such as a putative ammonium hydrosulfide cloud ca
identified because its limb-darkening signature will app
in a different wavelength range. By extension, although
magnitude of cloud absorption is difficult to model and p
dict, we expect to be able to use the combined relative
absolute measurements to locate the altitude of any cl
like absorption spike to both facilitate its identification a
remove its effect from the water abundance determina
Variations with latitude in conjunction with vertical stru
ture models can be particularly useful in the identification
clouds.

Downwelling can lead to the drying out of both ammo
and water, with an extreme example given by the Gal
probe hot spot. The depths to which water is deplete
dry regions can be investigated; for example, the pre
approach would allow one to determine whether or not
Galileo results are valid on a global scale. The limb da
ening parameter computed for such a case (red curv
Fig. 4) gives a much different emission angle depende
from the nominal models. In the worst case, the local
teorology could conspire to produce the same mixing r
profile for both species at a point or two on the plan
Even then the different pressure-temperature depende
of the absorption in the present model could in princi
lead to the separation of these two as discussed in
tion 3, although the temperature dependence of amm
opacity is presently theoretical and not founded on la
ratory data. Better knowledge of the lineshapes of w
and ammonia will greatly facilitate the interpretation of t
data.

6. Conclusions

Passive microwave sounding from a spacecraft i
promising new technique for determining the deep w
abundance in Jupiter to at least an accuracy that enables
discriminate among models for Jupiter’s origin. Because
observations can probe the horizontal structure of tem
ature and composition, microwave sounding from a sp
craft provides a possible approach to the investigation
outstanding questions fundamental to understanding the
namics and deep circulations of the planet as well. There
requirements on a spacecraft microwave instrument for
bility and antenna design, but these appear straightforw
s

-

o

-

through the frequency range of interest, noting that at lon
wavelengths (beyond roughly 30 cm, or 1 GHz) increas
synchrotron emission and the need for larger aperture
eas become important. Better knowledge of the microw
opacity of water and ammonia under conditions in the j
ian atmosphere are needed to fully exploit this appro
and new laboratory measurements of both the pressure
temperature dependences of these constituents are re
mended.
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